ABSTRACT Double-stranded cDNA of in vitro polyadenylated alfalfa mosaic virus (A1MV) RNA 2 has been cloned and sequenced. The use of an oligodeoxyribonucleotide corresponding to the known sequence of the 5'-end of RNA 2 to prime second-strand DNA synthesis, enabled us to construct the complete primary structure of A1MV RNA 2. The sequence of 2,593 nucleotides contains a long open reading frame for a protein of Mr 89,753 starting at the first AUG codon from the 5'-end. This coding region is flanked by a 5'-terminal sequence of 54 nucleotides and a 3'-noncoding region of 166 nucleotides which includes the sequence of 145 nucleotides the three genomic RNAs of A1MV have in common.
INTRODUCTION
The coat protein dependent genome of alfalfa mosaic virus (A1MV) consists of three single-stranded RNAs, designated RNAs 1,2, and 3 in order of decreasing molecular weights (1) . The coat protein is translated from a subgenomic messenger, RNA 4 (1), the sequence of which is located at the 3'-end of RNA 3 (2) . In vitro translation of the dicistronic RNA 3 results in a protein of Mr 35,000, while the coat protein cistron remains silent (3, 4) . RNAs 1 and 2 code in vitro for a Mr 115,000 and a Mr 100,000 protein, respectively (3) (4) (5) .
Knowledge of the primary structure of the A1MV genome might be of great value in studying the replication and expression of the RNAs, and the functions of the proteins they are coding for. Previously, we have reported information on the 5'-and 3'-terminal sequences of RNAs 1, 2, and 3 (6, 7) and the complete nucleotide sequences of RNA 1 (8) and RNA 4 (9) . Here we present the primary structure of A1MV RNA 2.
MATERIALS AND METHODS

Enzymea and nucleotides.
ATP:RNA adenyltransferase was isolated from E. ooli Q13 as described (10) . DNA polymerase I (Klenow fragment) was obtain-ed from BRL. Restriction enzymes were purchased from New England Biolabs, 32 Boehringer and Amersham. T4 polynucleotide kinase and (y-P)ATP were from New England Nuclear.
Isolation of RHA and polyadenylation. A1MV (strain 425) was isolated and RNA 2 was purified as described previously (11) . To the 3'-end of RNA 2 a poly(A) chain was attached with ATP:RNA adenyltransferase by the procedure of Devos et al. (12) .
Synthesis and cloning of cDtlA. Double-stranded cDNA to polyadenylated RNA 2 was synthesized and cloned into pBR322 at the Pstl site as described for RNA 1 (8) .
DNA sequencing. DNA of recombinant plasmids was isolated as described (8) . After cutting DNA with an appronriate restriction enzyme, fragments were separated on and subsequently eluted from 5% polyacrylamide gels (13) . Labeling of the DNA fragments was followed by digesting with a second restriction enzyme. Base specific cleavage reactions (G, G + A, A > C, C + T, C) on single-end labeled DNA fragments were carried out according to Maxam and Gilbert (13) .
Synthesis of the oligodeoxyribonucleotide. The 11 bases long oligodeoxyribonucleotide, d-(GTTTTTATCTT 0H ), corresponding to the 5'-end sequence of A1MV RNA 2 (6), was prepared by a recently developed solid-phase phosphotriester approach (14) .
Sequence determination at the S'-end of AIMV RNA 2. Single-stranded cDNA to polyadenylated RNA 2 was synthesized as described (8) . A 40 molar excess of kinase-labeled 11-mer homologous to the 5'-end of RNA 2 was annealed to 4 ug unfractionated cDNA in a 20 ul reaction mixture, containing 6.7
mM Tris-HCl pH 7.5, 6.7 mM MgCl-, 6.7 mM 6-mercaptoethanol and 50 mM NaCl , by heating the mixture for 3 min at 100°C and cooling down quickly on ice.
After incubation for 15 min at 15°C, the primer was extended with DNA polymerase I (Klenow fragment). The reaction was carried out in 6.7 mM Tris-HCl pH 7.5, 6.7 mM MgCl 2 , 6.7 mM B-mercaptoethanol, 50 mM NaCl and 1 mM dNTPs using 15 units DNA polymerase I. Incubation was for 3 hr at 15°C in a total volume of 80 ul. The reaction was stopped by two successive 1 : 1 phenol/ chloroform extractions. Upon fractionation on a Sephadex G-50 column, the DNA was digested with the endonuclease Taql and sized on a S% polyacrylamide gel. Autoradiography showed a single band which was eluted and sequenced according to Maxam and Gilbert (13) . 
RESULTS AND DISCUSSION
Construction of the sequence
Previously, we have reported the sequences of the 5'-terminal 13 nucleotides and the 3'-terminal 169 nucleotides of A1MV RNA 2 (6, 7). In order to complete our sequence studies on this RNA, we cloned (nearly) full length double-stranded cDNA copies of RNA 2 into the PstI site of pBR322 vector DNA by the dC/dG-tailing technique. Analysis of plasmids from tetracycline-resistant clones revealed only two hybrid plasmids with inserts longer than 2,000 bp, notably pAL2-l and pAL2-21. Although the ds cDNA was selected on size before tailing and cloning, the inserts of all the other hybrid plasmids were much shorter than expected. Figure 1A shows an alignment of inserts from hybrid plasmids we used in our studies. Figure IB shows a restriction map of these inserts and the strategy, used to sequence the DNA by the method of Maxam and Gilbert. Plasmid pAL2-21 appeared to contain the 3'-terminal sequence of A1MV RNA 2, except for the last six bases; pAL2-l lacked the last 120 residues of the 3'-terminus.
In 30 clones investigated the 5'-tenninal sequence of RNA 2 was not present. To deduce this sequence, we took advantage of our knowledge of the primary structure at the 3'-end. An oligodeoxyribonucleotide corresponding to the 5'-terminal 11 nucleotides of RNA 2 was synthesized and used to prime DNA syn-thesis on cDNA, transcribed from polyadenylated RNA 2. After synthesis of the second strand, primed by the kinase labeled 11-mer, double-stranded cDNA was cut by the endonuclease Taq\ and electrophoresed on a 5% polyacrylamide gel. As expected, only one band was visible after autoradiography. Analysis of this DNA fragment by the Maxam and Gilbert technique revealed the sequence of the 5'-terminal 170 nucleotides of RNA 2. The last 50 bases of this DNA fragment were found to overlap with the terminal sequence of the insert of pAL2-l. This allowed us to construct the complete primary structure of A1MV RNA 2.
Corresponding sequences obtained from different DNA inserts were in complete agreement with each other except in one case. Nucleotide 1,431 was read as C in clone pAL2-l, whereas a T residue was found in this position in pAL2-21 and in a third clone, pAL2-41. This base conversion, however, does not lead to a change in the amino acid sequence of the protein encoded by the long open reading frame in RNA 2 (see below). Sequence variability is also observed in A1MV RNA 1 (8) and in other plant viral RNAs like tobacco mosaic virus RNA (15) and cucumber mosaic virus RNA 3 (16). It is not known whether those divergencies reflect errors made during the reverse transcription of those RNAs or sequence heterogeneities in the RNA populations used. Primary structure of RNA 2 Figure 2 gives the complete sequence of 2,593 nucleotides of A1MV RNA 2. The first AUG codon from the 5'-end (nucleotides 55 to 57) is the beginning of a long open reading frame of 2,370 nucleotides encoding a Mr 89,753 protein of 790 amino acids. This amino acid sequence is also given in figure 2 . The open reading frame terminates some 20 nucleotides ahead of the 3'-terminal sequence of 145 nucleotides that is homologous in all four A1MV RNAs (7).
The Mr 89,753 protein probably corresponds to the Mr 100,000 protein that is obtained by in vitro translation of RNA 2 (3, 4) . The observation that in protoplasts RNAs 1 and 2 can replicate independently of RNA 3 (17) indicates that the Mr 125,685 protein encoded by RNA 1 (8) and the Mr 89,753 protein encoded by RNA 2 are both involved in viral RNA synthesis. From the amino acid compositions of these proteins it can be calculated that at pH 7.0 the Mr 125,685 protein is slightly basic (charge + 22) whereas the Mr 89,753 protein is acidic (charge -24). Inspection of the distribution of basic, acidic, polar and hydrophobic amino acids in the two proteins does not reveal notable features, except for a clustering of basic amino acids at the C-terminal region of the Mr 89,753 protein (11 basic amino acids in the C-terminal 21 residues). Possibly, this region interacts with viral RNA during replication.
In RNAs 1 and 3 of our A1MV strain 425 the 5'-proximal AUG codon is closely followed by a termination codon (8, 6) , whereas in RNA 2 and RNA 4 (9) the first AUG codon from the 5'-end is the beginning of a long open reading frame. In addition to the coding region for the Mr 89,753 protein, RNA 2 contains several open reading frames of 100 to 150 bases. The longest frame starting with an AUG triplet encodes a sequence of 42 amino acids (nucleotides 92 to 223). The 5'-proximal AUG codon in minus-strand RNA 2 is followed by a reading frame for 60 amino acids (nucleotides 2,548 to 2,366 of the plus-strand). The longest open frames in minus-strand RNA 2 encode potential polypeptides of 91 amino acids (nucleotides 2,441 to 2,166) and 94 amino acids (nucleotides 2,341 to 1,957). When sequences of other A1MV strains become available, it will be interesting to see if any of these reading frames is conserved. Table 1 shows a comparison of the base compositions of A1MV RNAs 1, 2, and 4. RNAs 1 and 2 are notably rich in U and A residues whereas in RNA 4 only the percentage of U residues is above average. The observation that leader sequences of plant virus RNAs are rich in U (8, 18) can account only in part for this phenomenon. Probably, the base composition of RNA 2 has some effect on the codon usage. Table 2 shows that in the codon families used in the cistron fcr the Mr 89,753 protein, in many cases codons with a U or A in the third position are preferred over those with C or G. Whether this phenomenon has any functions either in translation or in replication of viral RNA remains to be demonstrated.
